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Abstract
There exist several recent studies of the top-quark chromoelectric dipole moment
(CEDM) in the context of searching for CP violating signals in top-quark pair produc-
tion at the LHC. Most of these studies constrain the CEDM either from deviations in
the top-pair cross section from its standard model value, or from T-odd asymmetries in
the dimuon channel. Motivated by ATLAS and CMS interest, we extend the study of
T-odd asymmetries to the lepton plus jets channel. At the parton level, using MADGRAPH5,
we identify the most promising signals and their statistical sensitivity. We find that the
signals with larger sensitivity to the CEDM require distinguishing between b and b¯ jets
and propose a simple way to address this.
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I. INTRODUCTION
As the LHC becomes a top-quark factory it becomes increasingly interesting to
search for new sources of CP violation at high energy. In the absence of a compelling
new model with CP violation affecting the top quark, a good first step is to study
the lowest-dimension operators that can induce the desired effect. In particular,
since the dominant production process for the top quark at the LHC is gluon fusion,
the top-quark CEDM becomes the benchmark for this type of studies.
The flavor diagonal dipole couplings between top quarks and gluons of magnetic
and electric type are conventionally written as
L = gs
2
t¯ T aσµν (agt + iγ5d
g
t ) t G
a
µν . (1)
with dgt being the CP-odd CEDM. As written, this operator is not gauge invariant
under the full standard model gauge group. Within the context of effective field
theories and assuming that the particle discovered at the LHC is the standard model
(SM) Higgs boson, the gauge invariant generalization of Eq. (1) is, in the notation
of Ref. [1],
L = gsdtG
Λ2
q¯3σ
µνT at φ˜Gaµν + H.c. (2)
where q3 is the third generation SM quark doublet, φ is the scalar doublet, φ˜i =
ǫijφj and the SU(3) generators are normalized as Tr(TaTb) = δa,b/2. Electroweak
symmetry is spontaneously broken when the scalar acquires a vacuum expectation
value < φ >= v/
√
2, v ≈ 246 GeV resulting in the correspondence
dgt =
√
2 v
Λ2
Im(dtG). (3)
The main effect of imposing invariance under the SM group in this case is that the
top-quark CEDM also modifies Higgs production in association with a top-quark
pair [2–7]. For our numerical estimates we will implicitly assume a new physics
scale Λ = 1 TeV, but rescaling to any other value can be simply read off Eq. (2).
The top-quark CEDM has been studied at length in connection with top-quark
pair production and decay [8–33]. A typical result is that of Ref. [17] where it is
found that using CP-odd observables the 5σ statistical sensitivity with 10 fb−1 at
14 TeV to dgt is of order 0.1/mt.
Most of the previous studies rely on measuring deviations from the SM cross
section, or on measuring T-odd observables in the dimuon channel. Our purpose
in this paper is to extend the study of CP-odd spin correlations written directly
as T-odd triple products of momenta in the lab frame [34] to the lepton plus jets
channel for the top-quark pair.
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II. NUMERICAL STUDY
For our numerical study we generate multiple event samples for the process pp→
tt¯ → bb¯ℓ±νjj where ℓ = µ, e at 14 TeV center-of-mass energy that we summarize
in the Appendix. The CEDM coupling is implemented in MADGRAPH5 [35] with the
aid of FEYNRULES [36].1 We use the resulting UFO model files to generate events for
several values of dtG in a range motivated by our previous results from Ref. [17].
To single out CP violating couplings, we consider T-odd correlations that in-
volve the beam, t quark, b quark, lepton and jet momenta with as many as eight
momentum factors. These include all the ones that have been previously discussed
in the literature to our knowledge. For each of these correlations, Oi we quantify
our bounds using the integrated asymmetry in the lab frame defined by
Ai = σ(Oi > 0)− σ(Oi < 0)
σSM
. (4)
The events preserve all spin correlations between production and decay of the top
quarks as the full amplitude for the process is calculated. In each case we generate
event samples with 106 events after cuts, implying a 1σ statistical sensitivity to all
asymmetries at the (σ/σSM × 0.1)% level. We have used the following kinematic
cuts
|pT µ,j | > 20 , |pT b,b¯| > 25,
|ηµ,b,b¯,j| < 2.5 , /ET > 30,
∆Rik > 0.4 (i, k = µ, b, j) (5)
The beam momenta are written as P µ = pµ1 + p
µ
2 and q
µ = pµ1 − pµ2 . All observables
involving q will be quadratic in q respecting the p1 ↔ p2 identical particle symmetry
of the initial state.
We begin with the point Im(dtG) = 3 for Λ = 1 TeV, which corresponds to
almost twice the 5σ sensitivity for 10 fb−1 found in Ref. [17] in the dilepton channel.
We use the dilepton channel as a benchmark to calibrate the size of the asymmetries,
so we start by repeating the calculation for this case and tabulating our results in
the second column of Table I for 13 different observables (the notation is further
explained in the Appendix). In the third column of Table I, we present the corre-
sponding correlations for the lepton plus jets channel for the idealized case in which
the d quark (or s quark) could be tracked. Of course, these are not observable,
but they allow us to compare directly with the dilepton channel since the charged
lepton or down-type quark are the best spin analyzers in top decay. The results
in Table I indicate that, with appropriate modifications, almost all the observables
in the dilepton channel can be reproduced (at least in principle) in the lepton plus
jets channel. In many cases the correspondence involves keeping track of the lepton
1 The code is available from the authors upon request.
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charge as a way to keep the momenta in the correlation in the right order. There
are three correlations that do not involve non-b jet momenta, A2,5,12, and they agree
for both channels within statistical error (see note on A5 below).
pp→ tt¯→ bb¯ℓ+ℓ− /ET pp→ tt¯→ bb¯ℓ±jj /ET
O1 ǫ(t, t¯, ℓ+, ℓ−) qℓ ǫ(t, t¯, ℓ, d)
A1 -0.1540 −0.1535 pt→pt−vis−−−−−−→ −0.1114
O2 ǫ(t, t¯, b, b¯) ǫ(t, t¯, b, b¯)
A2 -0.0358 −0.0311 pt→pt−vis−−−−−−→ −0.0527
O3 ǫ(b, b¯, ℓ+, ℓ−) qℓ ǫ(b, b¯, ℓ, d)
A3 -0.0902 -0.0838
O4 ǫ(b+, b−, ℓ+, ℓ−) ǫ(bℓ, bd, ℓ, d)
A4 -0.0340 -0.0319
O5 q · (ℓ+ − ℓ−)ǫ(b, b¯, ℓ+ + ℓ−, q) qℓq · ℓǫ(b, b¯, ℓ, q)
A5 -0.0309 -0.0115
O6 ǫ(P, b− b¯, ℓ+, ℓ−) qℓ ǫ(P, b− b¯, ℓ, d)
A6 0.0763 0.0742
O7 q · (t− t¯)ǫ(P, q, ℓ+, ℓ−) qℓ q · (t− t¯)ǫ(P, q, ℓ, d)
A7 -0.0373 −0.0325 pt→pt−vis−−−−−−→ −0.0257
O8 q · (t− t¯)(P · ℓ+ǫ(q, b, b¯, ℓ−) + P · ℓ−ǫ(q, b, b¯, ℓ+)) q · (t− t¯)(P · ℓǫ(q, b, b¯, d) + P · dǫ(q, b, b¯, ℓ))
A8 0.0074 0.0113
pt→pt−vis−−−−−−→ 0.0094
O9 q · (ℓ+ − ℓ−)ǫ(b+ b¯, q, ℓ+, ℓ−) q · ℓǫ(b+ b¯, q, ℓ, d)
A9 0.0089 0.0051
O10 q · (b− b¯)ǫ(b, b¯, q, ℓ+ + ℓ−) q · (b− b¯)ǫ(b, b¯, q, d)
A10 -0.0069 -0.0045
O11 q · (b− b¯)ǫ(P, q, b+ b¯, ℓ+ − ℓ−) qℓq · (b− b¯)ǫ(P, q, b + b¯, d)
A11 -0.0147 0.0140
O12 q · (b− b¯) ǫ(P, q, b, b¯) q · (b− b¯) ǫ(P, q, b, b¯)
A12 0.0058 0.0041
O13 ǫ(P, b+ b¯, ℓ+, ℓ−) qℓǫ(P, b+ b¯, ℓ, d)
A13 0.0032 0.0025
O14 - ǫ(P, b+ b¯, ℓ, d)
A14 - -0.0013
TABLE I: Comparison of asymmetries in the dilepton and semileptonic channels for dtG =
3, Λ = 1 TeV. The latter do not yet correspond to observable asymmetries and serve only
for this comparison.
Several comments with respect to Table I are pertinent:
• Identifying the T-odd correlations in semileptonic top-pair decay with the
corresponding one in dilepton decay by using d↔ ℓ results in the same asym-
metry within statistical error. This is as expected and an important check at
this stage of the calculation.
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• When the identification is not exact, as in A5 there is a small difference. We
can check this is the case by repeating the semileptonic asymmetry with the
correlation qℓq · (ℓ− d)ǫ(b, b¯, (ℓ+ d), q), in which case we find A5 = −0.0284.
• The momentum of the top quark that decays leptonically cannot be fully
reconstructed. To see what effect this has, we repeat the calculation of the
semileptonic asymmetries that involve a top-quark momenta, replacing it with
the visible top-quark momenta defined as
pt−vis = pb + pℓ (6)
This results in the asymmetries also shown in Table I. It is not necessary to
repeat this exercise for the dilepton events since we do not concern ourselves
with those in this paper, and this was done in Ref. [17].
• The operator O13 is T-odd but CP even, and as such it cannot be generated
by a CEDM in agreement with our numerical result. It can, however, be used
to look for unitarity phases. In the lepton plus jets channel it is possible to
construct a T and CP odd operator with the same momenta, O14.
In Table II we construct the observables in terms of jet momenta, but still at
the parton level. To do this we must define the non-b jet in a CP blind way and
there is more than one definition that works. We illustrate the effect of four different
definitions in Table II:
• j1 the jet in this case is the hardest non-b jet (largest pT ).
• j2 the jet in this case is the second hardest non-b jet. Note that at the parton
level this is the same as the softest non-b jet.
• j3 the jet is the one closest to the b jet in the hadronic top decay side of the
process, as determined by ∆R.
• j4 the jet reconstructs the W that decays hadronically, that is, pj = pU + pD
where U = u or c and D = d or s.
In addition, we replace any top-quark momenta with the visible top-quark momenta
as defined above.
Our numerical results are collected in Fig. 1. They can be summarized with fits
to the 14 observables of the form
Ai = ci dtG
(
1 TeV
Λ
)2
(7)
with the coefficients ci tabulated in Table II . The coefficient c13 is zero as can be
seen from Figure 1.
Several conclusions can be drawn from Table II.
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Oi j ci
1 qℓ ǫ(t, t¯, ℓ, j)
1 -0.0094
2 -0.0159
3 -0.0163
4 -0.0160
2 ǫ(t, t¯, b, b¯) - -0.0160
3 qℓ ǫ(b, b¯, ℓ, j)
1 -0.0148
2 -0.0157
3 -0.0198
4 -0.0160
4 ǫ(bℓ, bj , ℓ, j)
1 -0.0041
2 -0.0055
3 -0.0057
4 -0.0048
5 qℓ q · ℓǫ(b, b¯, ℓ, q) - -0.0022
6 qℓ ǫ(P, b− b¯, ℓ, j)
1 0.0095
2 0.0120
3 0.0140
4 0.0117
7 qℓ q · (t− t¯)ǫ(P, q, ℓ, j)
1 -0.0023
2 -0.0039
3 -0.0032
4 -0.0036
Oi j ci
9 q · ℓǫ(b+ b¯, q, ℓ, j)
1 0.0017
2 0.0008
3 0.0026
4 0.0014
10 q · (b− b¯)ǫ(b, b¯, q, j)
1 -0.0012
2 -0.0011
3 -0.0011
4 -0.0012
11 qℓ q · (b− b¯)ǫ(P, q, b+ b¯, j)
1 0.0037
2 0.0021
3 0.0042
4 0.0041
12 q · (b− b¯) ǫ(P, q, b, b¯) - 0.0018
14 ǫ(P, b+ b¯, ℓ, j)
1 -0.0041
2 0.0007
3 -0.0049
4 -0.0038
8 q · (t− t¯)(P · ℓǫ(q, b, b¯, j) +P · jǫ(q, b, b¯, ℓ))
1 0.0017
2 0.0021
3 0.0020
4 0.0019
TABLE II: Asymmetry coefficient ci for Eq. (7) for the four different ways to pick the jet.
Note that t or t¯ denote the visible top (or antitop) momenta as defined in Eq. (6).
• The asymmetries that do not require distinguishing between a b and a b¯,
A9,10,12,13, are not very sensitive to the CEDM; in fact they are consistent with
zero within our statistical error.
• In view of this, and because it may not be possible to completely distinguish
the b and b¯ jets at LHC, we propose O4 in which the b’s are classified by
closeness to the lepton (bℓ) or hardest jet (bj) as defined by ∆R.
• It appears that O1 has the largest sensitivity. Since the t or t¯ momentum
cannot be fully reconstructed in the lepton plus jets channel we use the visible
top momenta and this makes O1,2,3 related. For example
O1[pt−vis, j4] = ǫ(b+ ℓ+, b¯+W−, ℓ+,W−)− ǫ(b+W+, b¯+ ℓ−, ℓ−,W+)
= ǫ(b, b¯, ℓ+,W−)− ǫ(b, b¯, ℓ−,W+) = O3[j4] (8)
as can be seen from simple kinematics.
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• Table I shows that the sensitivity of the lepton plus jets channel is in principle
as good as that of the dimuon channel. There is substantial dilution in going
from an unobservable d quark to a jet. As Table II shows, however, a judicious
choice of the jet to go in the asymmetry can improve sensitivity by factors of
2. The only condition in choosing this jet is that it should be CP blind: the
probability should be the same in t or t¯ hadronic decay.
• To arrive at the true sensitivity it will be necessary to simulate events at the
hadron level and try different jet definitions; this task is better suited for the
experimental collaborations.
A. Background
The dominant background processes discussed by the CMS and ATLAS collab-
orations are single top production, W plus jets, Z plus jets and QCD. None of these
backgrounds is CP violating in the SM and hence they cannot contribute to true
CP odd observables (those without the four-vectors P or q). In these cases they can
only dilute the asymmetries by resulting in a larger measured cross section. The
level at which this can occur can be inferred from the cross-section measurements,
and in the 7 TeV CMS lepton plus jets analysis they would be under 6.5% [37]
σtt¯ = (158.1± 2.1(stat)± 10.2(syst)± 3.5(lum)) pb (9)
The asymmetries involving initial state momenta could be faked by unitarity phases
[38], such as those appearing at higher order in QCD [39]. This issue has not
been fully studied for top-quark pair production, but at least in this case it can be
addressed by studying the asymmetries A1 and A3 for example.
B. Dilution factors
There are several experimental factors that will affect the measurement of any
of these asymmetries. Among them, not being able to distinguish between b and b¯
jets, misidentifying the event as a top-pair event, misreconstructed objects, spatial
resolution for particle momenta and so on. A simple way to parametrize these effects
is with a dilution factor
Aexp i = εAi (10)
where the dilution factor ε will be a product of dilution factors from all the ex-
periment effects. For example, we have identified two of them in this paper for
O3:
εb vs b¯ ∼ 0.3 (11)
εnot tt¯ ∼ 0.96 (12)
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The first factor is estimated by comparing A3 and A4 but note that the experiments
may do better than this. The second factor is estimated from Table 2 in Ref. [37].
The remaining cross sections from the main background processes (in lepton plus jets
at 7 TeV) were found to be: single top 1.17±0.10 pb; W+jets 3.35±0.26 pb; Z+jets
1.43± 0.29 pb, resulting in the number quoted above. This simple parametrization
in terms of dilution factors will work as long as there is no CP violation in the
background.
III. SUMMARY
Recent studies have dealt with placing limits on the CEDM of the top-quark by
studying deviations from the SM cross section for top-pair production at the LHC.
To single out the CP violating nature of this coupling, T-odd correlations were
proposed with simulations concentrating on the dimuon channel. In this paper we
extended the numerical studies of T-odd correlations to the lepton plus jets channel
motivated by its higher statistics and interest from the experimental collaborations.
We first identified operators in lepton plus jets that correspond to operators in the
dilepton channel and compared their sensitivity. Once we established the form of
the operator through this comparison, we constructed observables at the parton
level in terms of jet momenta. We studied the effect of different jet definitions on
the sensitivity of the observables. One of the most sensitive observables we found,
O3, corresponds to T2 discussed in Ref. [14] who found a similar sensitivity to the
CEDM as we did.
Acknowledgments
This research was supported in part by the DOE under Contract No.
de-sc0009974 and in part by the ARC Centre of Excellence for Particle Physics
at the Terascale. We thank Kai-Feng Chen and Jui-Fa Tsai for many useful discus-
sions.
Appendix A: Summary of results
The lepton plus jets events are generated with commands
generate pp→ tt¯, (t→ bl+ν), (t¯→ b¯jj)
add process pp→ tt¯, (t¯→ b¯l−ν¯), (t→ bjj)
with the cuts of Eq. (5). Our numerical results are summarized in the figure below.
We generate samples of 106 events after cuts for each of ten different values of the
coupling Im(dtG) and plot the asymmetry calculated from these events along with
its statistical error. We fit these points with a straight line going through the origin
(as there is no asymmetry for pure SM) to obtain the numbers shown in Table II.
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The notation used in writing the correlations is shown below for O3 as an ex-
ample. With pµ ≡ (E, px, py, pz),
O3 = qℓǫ(b, b¯, ℓ, j) ≡ qℓǫµναβpµb pνb¯pαℓ pβj (A1)
where for the Levi-Civita` tensor we use the convention ǫ0123 = −1. This can be
written as a determinant,
O3 = qℓ
∣∣∣∣∣∣∣∣∣
pbx pby pbz Eb
pb¯x pb¯y pb¯z Eb¯
pℓx pℓy pℓz Eℓ
pjx pjy pjz Ej
∣∣∣∣∣∣∣∣∣
(A2)
In the form given, Oi is a Lorentz scalar that can be calculated in any frame and
that turns into the more familiar triple product correlation in specific frames. In
this case, in the bb¯ center of mass it becomes
O3 (bb¯)c.m.−−−−→ −qℓ
2
mbb¯(~pb − ~pb¯) · (~pℓ × ~pj) (A3)
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j4
j3
j2
j1
d-quark
dtG
A
1
543210
0
-0.05
-0.1
-0.15
-0.2
-0.25
dtG
A
2
543210
0
-0.02
-0.04
-0.06
-0.08
j4
j3
j2
j1
d-quark
dtG
A
3
543210
0
-0.02
-0.04
-0.06
-0.08
-0.1
-0.12
-0.14
j4
j3
j2
j1
d-quark
dtG
A
4
543210
0
-0.01
-0.02
-0.03
-0.04
-0.05
dtG
A
5
543210
0
-0.002
-0.004
-0.006
-0.008
-0.01
-0.012
-0.014
j4
j3
j2
j1
d-quark
dtG
A
6
543210
0.12
0.1
0.08
0.06
0.04
0.02
0
j4
j3
j2
j1
d-quark
dtG
A
7
543210
0
-0.01
-0.02
-0.03
-0.04
-0.05
j4
j3
j2
j1
d-quark
dtG
A
8
543210
0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
j4
j3
j2
j1
d-quark
dtG
A
9
543210
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
j4
j3
j2
j1
d-quark
dtG
A
10
543210
0
-0.002
-0.004
-0.006
-0.008
-0.01
-0.012
j4
j3
j2
j1
d-quark
dtG
A
11
543210
0.025
0.02
0.015
0.01
0.005
0
dtG
A
12
543210
0.01
0.008
0.006
0.004
0.002
0
j4
j3
j2
j1
d-quark
dtG
A
13
543210
0.006
0.004
0.002
0
-0.002
-0.004
-0.006
-0.008
-0.01
j4
j3
j2
j1
d-quark
dtG
A
14
543210
0.01
0.005
0
-0.005
-0.01
-0.015
-0.02
-0.025
-0.03
FIG. 1: Asymmetries calculated from samples of 106 MC events with their estimated
statistical error and our best linear fits. In all cases where there is a top-quark four-
momentum (or antitop-quark) we use the visible momentum as defined in the text.
10
[1] W. Buchmuller and D. Wyler, Nucl. Phys. B 268, 621 (1986).
[2] A. De Rujula, M. B. Gavela, O. Pene and F. J. Vegas, Nucl. Phys. B 357, 311 (1991).
[3] C. Degrande, J. M. Gerard, C. Grojean, F. Maltoni and G. Servant, JHEP 1207, 036
(2012) [arXiv:1205.1065 [hep-ph]].
[4] A. Hayreter and G. Valencia, Phys. Rev. D 88, 034033 (2013) [arXiv:1304.6976 [hep-
ph]].
[5] D. Choudhury and P. Saha, JHEP 1208, 144 (2012) [arXiv:1201.4130 [hep-ph]].
[6] J. Ellis, V. Sanz and T. You, JHEP 1407, 036 (2014) [arXiv:1404.3667 [hep-ph]].
[7] J. Bramante, A. Delgado and A. Martin, Phys. Rev. D 89, no. 9, 093006 (2014)
[arXiv:1402.5985 [hep-ph]].
[8] W. Bernreuther, O. Nachtmann, P. Overmann and T. Schroder, Nucl. Phys. B 388,
53 (1992); [Nucl. Phys. B 406, 516 (1993)].
[9] A. Brandenburg and J. P. Ma, Phys. Lett. B 298, 211 (1993).
[10] D. Atwood, A. Aeppli and A. Soni, Phys. Rev. Lett. 69, 2754 (1992).
[11] W. Bernreuther and A. Brandenburg, Phys. Rev. D 49, 4481 (1994)
[arXiv:hep-ph/9312210].
[12] K. -M. Cheung, Phys. Rev. D 53, 3604 (1996) [hep-ph/9511260].
[13] S. Y. Choi, C. S. Kim and J. Lee, Phys. Lett. B 415, 67 (1997)
[arXiv:hep-ph/9706379].
[14] J. Sjolin, J. Phys. G 29, 543 (2003).
[15] R. Martinez, M. A. Perez and N. Poveda, Eur. Phys. J. C 53, 221 (2008)
[hep-ph/0701098].
[16] O. Antipin and G. Valencia, Phys. Rev. D 79, 013013 (2009) [arXiv:0807.1295 [hep-
ph]].
[17] S. K. Gupta, A. S. Mete, G. Valencia, Phys. Rev. D80 (2009) 034013.
[arXiv:0905.1074 [hep-ph]];
[18] S. K. Gupta and G. Valencia, Phys. Rev. D 81, 034013 (2010) [arXiv:0912.0707 [hep-
ph]].
[19] D. Choudhury and P. Saha, Pramana 77, 1079 (2011) [arXiv:0911.5016 [hep-ph]].
[20] Z. Hioki and K. Ohkuma, Eur. Phys. J. C 65, 127 (2010) [arXiv:0910.3049 [hep-ph]].
[21] Z. Hioki and K. Ohkuma, Phys. Rev. D 83, 114045 (2011) [arXiv:1104.1221 [hep-ph]].
[22] J. F. Kamenik, M. Papucci and A. Weiler, Phys. Rev. D 85, 071501 (2012) [Phys.
Rev. D 88, no. 3, 039903 (2013)] [arXiv:1107.3143 [hep-ph]].
[23] T. Ibrahim and P. Nath, Phys. Rev. D 84, 015003 (2011) [arXiv:1104.3851 [hep-ph]].
[24] Z. Hioki and K. Ohkuma, Phys. Lett. B 716, 310 (2012) [arXiv:1206.2413 [hep-ph]].
[25] S. S. Biswal, S. D. Rindani and P. Sharma, Phys. Rev. D 88, 074018 (2013)
[arXiv:1211.4075 [hep-ph]].
[26] M. Baumgart and B. Tweedie, JHEP 1303, 117 (2013) [arXiv:1212.4888 [hep-ph]].
[27] Z. Hioki and K. Ohkuma, Phys. Rev. D 88, 017503 (2013) [arXiv:1306.5387 [hep-ph]].
[28] W. Bernreuther and Z. G. Si, Phys. Lett. B 725, 115 (2013) [Phys. Lett. B 744, 413
(2015)] [arXiv:1305.2066 [hep-ph]].
[29] K. Kiers, P. Saha, A. Szynkman, D. London, S. Judge and J. Melendez, Phys. Rev.
D 90, no. 9, 094015 (2014) [arXiv:1407.1724 [hep-ph]].
11
[30] C. Englert, D. Goncalves and M. Spannowsky, Phys. Rev. D 89, no. 7, 074038 (2014)
[arXiv:1401.1502 [hep-ph]].
[31] S. D. Rindani, P. Sharma and A. W. Thomas, JHEP 1510, 180 (2015)
[arXiv:1507.08385 [hep-ph]].
[32] R. Gaitan, E. A. Garces, J. H. M. de Oca and R. Martinez, Phys. Rev. D 92, 094025
(2015) [arXiv:1505.04168 [hep-ph]].
[33] W. Bernreuther, D. Heisler and Z. G. Si, JHEP 1512, 026 (2015) [arXiv:1508.05271
[hep-ph]].
[34] J. F. Donoghue and G. Valencia, Phys. Rev. Lett. 58, 451 (1987) [Erratum-ibid. 60,
243 (1988)].
[35] T. Stelzer and W. F. Long, Comput. Phys. Commun. 81, 357 (1994)
[arXiv:hep-ph/9401258]; J. Alwall, P. Demin, S. de Visscher, R. Frederix, M. Herquet,
F. Maltoni, O. Mattelaer, and T. Stelzer, JHEP 0709, 028 (2007) [arXiv:0706.2334
[hep-ph]]; J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, JHEP 1106,
128 (2011). [arXiv:1106.0522 [hep-ph]].
[36] N. D. Christensen and C. Duhr, Comput. Phys. Commun. 180, 1614 (2009)
[arXiv:0806.4194 [hep-ph]].
[37] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 720, 83 (2013)
[arXiv:1212.6682].
[38] A. Hayreter and G. Valencia, JHEP 1507, 174 (2015) [arXiv:1505.02176 [hep-ph]].
[39] K. Hagiwara, K. Mawatari and H. Yokoya, JHEP 0712, 041 (2007) [arXiv:0707.3194
[hep-ph]].
12
